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RESUME

This paper describes the use of small X and Gamma ray sources in industrial
radiography. The emphasis is on how they can be used in the "mass production"
situation or when a large number of tube to tubeplate welds are to be inspected.

Cet expose decrit 1'application des sources radioactives de petite taille sur la
radiographie industrielle. On souligne Vemploi de telles sources dans la
fabrication en grande serie ou pour la verification en grand des soudures "tube-
plaque".

I. INTRODUCTION

This paper describes the application of extremely small sources of X and
gamma radiation. The small x-ray source is provided by the Harwell E12 High
Definition Radiography X-ray Unit which has an effective focal spot size of approx-
imately 15 urn. The application of the equipment in the detection and measurement of
microporosity in investment castings \\\ is discussed. An account is given of the
development of the radiographic techniques and details of the problems that occurred
and how they were overcome, when applied to the large scale examination of production
components.

Extremely small thulium 170 gamma ray sources are now available. The paper
also describes the application of these sources to the examination of tube-to-tube
plate welds under production conditions. The specialised handling equipment that
was developed for use with these sources is discussed, and details of the sensitivity
of the radiographic tests given.

The advantages of using radiation sources with small dimensions in
radiography are well known. The improvement in sharpness of the radiographic images
by using the small sources, under what are conventionally regarded as unfavourable
test conditions, can be best illustrated by describing their use in two particular
cases when they have been able to solve problems where conventional radiographic
techniques have been inadequate. The two cases are dealt with separately in Parts
II and III and are;

(a) The detection of microporosity in cast materials, when minute flaws are
to be detected and projected x-ray enlargements are thus required.

(b) The testing of tube-to-tube plate welds, when a high sensitivity
radiograph is required but only very short source-to-film distances are
possible.

II. DETECTION AND EVALUATION OF MICROPOROSITY IN CAST AERO ENGINE TURBINE BLADES

Aero-engine turbine blades are manufactured by the lost-wax casting process,
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which is an extremely attractive manufacturing route from both economic and metal-
lurgical viewpoints. The complex features introduced into the blade design would be
extremely difficult to manufacture in any other way. However the long-freezing-
range alloysed used, coupled with the complexity of design can result in microporosity
in the blade sections. A radiographic quality control procedure to detect and
evaluate the incidence of the microporosity is therefore highly desirable.

The presence of some porosity and shrinkage defects can usually be detected
with conventional radiographic techniques. The increase in efficiency and power of
turbines has emphasised the need for a consistently sound turbine blade and the
requirement to detect smaller micropores in the casting. Until recently the only
satisfactory method available to evaluate the incidence of microporosity has been a
destructive sampling technique. This method of quality control is not ideal because
only a relatively small sample is evaluated and the results obtained are only directly
relevant to the exposed faces of the section samples. This sampling technique is
also non-representative, and the test destroys the blade. Investigations into other
possible methods of inspection have been carried out. For example, proton radio-
graphy has been found to be successful on thicker sectioned blades £2J although it
does not form the basis of an effective on-line inspection technique.

X-radiography has usually been regarded as an unsuitable test to detect the
fine microporosity because:

(a) The individual micropores are too small to detect (typically 0.03 -
0.1 mm).

(b) Individual crystallites of the alloy can produce a mottle pattern on the
radiograph which obscures detail of micropores.

High definition radiography, using an image enlargement technique seemed,
however, a technique which would largely overcome these two problems and also lend
itself to a mass production inspection technique.

11.1 High Definition X-ray Equipment

The Harwell E12 x-ray unit is the latest in a series of x-ray units with
small foci which have been built over the years based on the original designs of
Ely £3} . The unit can operate up to 100 kV and has a focal spot approximately 15 um
in diameter. When used as a radiographic source it enables extremely fine detail to
be resolved by directly producing projected enlargements. The x-ray tube assembly
is a continuously pumped vacuum changer, with demountable electron gun and target
assemblies, which allow filament replacements and other maintenance to be carried out.
An electron beam is obtained from a heated tungsten filament maintained at negative
potential with respect to the anode, and this is focussed by an electrostatic lens
onto the cylindrical tungsten target.. As only one lens is used a small filament
(electron source) is necessary to enable a fine focus to be achieved.

The filament is formed from a 0.1 mm diameter tungsten wire bent into a sharp
'vee'. The operational life of the filament is approximately 60 hours, and it can be
replaced in a few minutes. The tip of the filament can be carefully positioned in
the centre of a biasing cup by a stepping motor and control, which allows the fine
adjustment necessary to achieve the ultimate focus in the operational range between
30 - 100 kV. The focussing is optimised by using a modified T.V. camera, which is
fibre-opticaliy coupled to a phosphor. A series of graded meshes serve as test
specimens, and the images detected by the phosphor are viewed on a T.V. monitor.

11.2 The Development of the Radiographic Technique

High definition radiography had previously been extensively applied at Harwell
£4J and in particular more latterly the E12 unit had been used to examine the

condition and geometry of the extremely fine cooling holes that are cast in some
turbine blades. When the problem of microporosity arose, a number of blades was
radiographed initially with the techniques applied hitherto to the cooling hole
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inspection problem. Projected enlargements of x 5 were used with ' f ine grain ' f i l m ,
and several blades were careful ly sectioned, prepared, and the dist r ibut ion of the
microporosity evaluated metallographically using a Quantimet image analysis system.
The enlargement was increased to x 12 and the images of two sections of two blades
were recorded on a standard f i lm size of 43 x 35 cms. At the increased enlargement
the complete blade could not be radiographed and an area was chosen as typi fy ing the
incidence òf microporosity of the whole blade. The dimensions of the area were
30 mm x 12 mm, the largest dimension being in the major axis of the blade. The
position and size of this sample area was selected af ter comparing a large number of
radiographs and sections.

At the increased enlargement (x 12) a greater x-ray focus-to-f i lm distance
was necessary with a result ing s igni f icant increase in the x-ray exposure time
required to 40 minutes. This was prohibi t ive and the ' f ine grain1 f i lm was replaced
with an extremely fast detector system using a combination of fluorescent screens
with a f i lm normally used only in medical radiography. This results in a reduction
in exposure time from 40 minutes to less than 2 minutes.

Conventional radiographs produced by th is screen-film technique are generally
considered to be unsuitable for the detection of small flaws such as microporosity.
This is because the phosphor on the screen is granular and this together with the
fluorescence, gives considerably less iamge sharpness. However, with the large
primary x-ray enlargement possible with the Harwell E12 un i t , the image degradation
is tolerable on the enlarged images, and a high def in i t ion radiography (Fig. 1) can
be produced, even when such a fast detector system is used. Thus an x-ray technique
was developed which would detect microporosity, using a rea l i s t i c exposure time and
under conditions which can oe applied d i rect ly to the production l i ne . A recent
development in fluorescent screens uses gadolinium compounds £53 . When these are
used with green-sensitive f i lm the exposures required are further reduced to 25
seconds. The radiographic detai l with these fast x-ray techniques was careful ly
checked with the sectioned samples, and the correlat ion was found to be excellent.

11.3 Interpretation of Radiographs

I n i t i a l l y some d i f f i c u l t y was experienced in interpret ing the radiographs.
This was because the f i lms contained so much information, including detai l of
individual grains, that the challenge to the viewer was al ien to the normal task
undertaken by the industr ia l radiographer or inspector. With a good deal of
appl icat ion, and af ter viewing a few dozen radiographs, however, an experienced
operator could rapidly interpret with confidence. Individual pores measuring down
to approximately 0.03 mm (Fig. 2) had been detected and confirmed subsequently by
sectioning, although i t was found that the microporosity usually occurred in clusters
or bands. A Quantimet microporosity value of 1.5 could be detected readily by a l l
the experienced radiographic viewers that were tested. The measurement of the
incidence of microporosity in the exposed section of the blade was made using the
Quantimet 720 image analysis system and this provided data on the percentage micro-
porosity in a specified area of the sectioned sample. In th is case an area of
1.25 mm x 0.7 mm was used.

11.4 Fac i l i t y Design

The E12 unit was fitted into an exposure compartment (Fig. 3) to enable the
blades to be radiographed more rapidly. A trial target of 1000 blades per week was
set and was easily achieved after constructing a simple blade locating device and a
film cassette slide, both of which could be manually operated from outside of the
compartment. The actual x-ray exposure time which, as previously stated could be as
short as 25 seconds was not the bottleneck. The identification of blades and the
film processing and interpretation proved in the event to be the delaying factors
when the inspection was carried out under routine conditions. There is no doubt that
these problems will be overcome as further experience is gained.
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I I .5 Discussion

A nondestructive method has been developed that is capable of detecting and
evaluating microporosity nondestructively and in a mass production line s i tuat ion.
The method is capable of inspecting a volume of each blade which represents several
orders of magnitude more than the alternative destructive sectioning technique. I t
may also be possible with an x-ray stereo-system to introduce an image analysing
system to scan the films to evaluate directly the porosity content in terms of pore
volume rather than pore area. The Harwell £12 radiographic system is suitable
whenever the flaw size cannot be detected with conventional x-ray units in sections
where the thickness does not exceed 8 mm of steel equivalent, although this thickness
could possibly be extended with some modification to the unit .

I I I . RADIOGRAPHY OF THBE-TO-TUBEPLATE WELDS USING SHALL THULIUM 170 ISOTOPES

Extremely small Thulium 170 gamma ray sources are now available and these
have been found to be extremely useful for the inspection of tube-to-tube plate
welds of the type i l lus t ra ted in Fig. 4. The welds join the tubes (Dimensions
19 mm O.D. x 14 mm I.D.) to the tube plates of high pressure heat exchanger systems.
There can be as many as 2500 welds in each vessel and seven vessels constituted a
part icular contract, with a total of 17000 welds. The welding sequence is such that
the radiography has to be carried out as the welding of each line of tubes is
cor ,eted.

The radiographic inspection requirements are:

(a) That the technique should be capable of detecting gas pores of 0.177 mn
(0.007 inches) diameter in al l parts of the weld.

(b) That the technique should be applied with the minimum interference to
the welding programme. This requires that 52 welds (the maximum
number of welds in one line) be radiographed in 1 hour.

At f i r s t , x-ray radiography was considered and t r i a l exposures were made on
prepared tes t welds using the x-radioqraphic equipment developed by TPO Belft which is
a fine focus (100 um) rod anode u n i t F o l . The same welds were radiographed with
thulium sources with the dimensions of T.O x 1.0 and 0.5 x 0.5 mm f 7 J • A
panoramic technique as i l lus t ra ted in Fig. 5, was used for all three sources of
radiation and in all cases the film used was in the pre-loaded p las t ic type of
cassette which is commercially available. These can now be obtained in almost any
size or shape to sui t any part icular geometry or weld configuration.

A comparison of the three techniques was made and the original radiographs
revealed that :

(a) The x-ray technique was the most sensitive

(b) The radiographs taken with the smallest thulium source (0.5 mm x 0.5 mm)
revealed gas pores of the required dimension.

(c) The 1.0 x 1.0 mm source was unsuitable since the penumbral unsharpness
was such that the required sensi t ivi ty could not be achieved.

With the variations of the weld thickness experienced on the part icular
vessels encountered, the smallest of the thulium sources provided both the necessary
lati tude and also an acceptable sensi t ivi ty . On the other hand, the x-ray technique
in many cases required 2 exposures for adequate coverage. As a resul t of these
t r i a l s i t was decided that the 0.5 x 0.5 mm thulium 170 isotopes would fulfi l the
technical requirements for sensi t ivi ty for the part icular job in hand. There was
however the problem of exposure time. The x-ray exposure was only 20 seconds a t
85 kV compared with exposures of 6 minutes using the micro-thulium 170 source of 1
Curie (maximum act ivi ty for this type end size of source). (Fig. 5) . This was
overcome by radiographing with 6 sources simultaneously, when the total exposure time
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for a l ine containing 52 welds was reduced to 54 minutes. Time is saved i f f i lms for
one l ine of welds are taped to form rings around the tubes, and positioned approx-
imately 24 inches away from the welds pr ior to radiography. This f i lm posit ioning
can be carried out during the welding operation and the fi lms then lowered into the
exposure posit ion when required.

I I I . l Design and manufacture of exposure devices and storage containers

The exposure devices and the i r associated storage containers were designed
to allow the quick and safe application of the philosophy of using a number
simultaneously (Fig. 6 ) . After considering many devices some ingenious but
complicated, the f ina l design resulted in an extremely simple device which is
i l l us t ra ted in Fig. 7. The design incorporates the use of heavy tungsten al loy for
shie ld ing, thereby ensuring that the containers are as l i gh t as possible and yet s t i l l
provide adequate shielding of the source when in the container. The storage
container w i l l shield uo to 1 Curie of thulium 170. The sources can be safely
inserted into the source holders on s i te and th is eliminates the need to make the
devices ' transport containers' , thereby greatly simpl i fy ing the design. The equip-
ment consists of three main items, the source holder, storage container and the guide
tube. As the tube plates in question are ferrous, a switchable magnet could be used
to hold the guide tube in to posit ion and the source holder is engaged in to the guide
tube using a bayonet type f i t t i n g . This arrangement ensures accurate posit ioning of
the source for the exposure and is an additional safeguard in maintaining control of
the source in the unl ikely event of e i ther the guide tube or source holder inadvert-
antly jamming.

IV. CONCLUSIONS

Small sources of X and Gamma radiation have proved to be extremely useful for
the specif ic inspection problems which have been described in th is paper. The
application of thulium 170 is l imi ted to the type of problem described but small x-ray
sources, such as provided by the El2 x-radiographic unit o f fer a new solution to many
problems in industry which have been hitherto considered beyond the scope of radio-
graphy, especially in the mass production s i tua t ion . The detection of microporosity
has so fa r been the most successful but many other applications are now being invest-
igated at Harwell and other centres. They include: studies of cable insulat ion
£8j ; examination of welds, electron L̂ arn welds and mechanical fastenings;

inspection of thermocouples; precision radiography of l i gh t a l loy castings;
determining the d is t r ibu t ion of micro-inclusion contaminants in low density materials;
examination of electronic components £9 3 ; analysis of cavi tat ion and void formation
in metals.

Co].
There are also numerous applications in the medical and biological fields

'he successful transfer of the technology of high definition radiography to
the specific cases outlined in this paper can be judged by the following facts. In
the past jear over 30,000 aero-engine turbine blades have been radiographed and the
incidence of microporosity evaluated using the Harwell E12 high definition radiography
unit, in a continuing programme to improve casting quality. A unit has also been
supplied to Rolls Royce (1971) Ltd. expressly for this purpose.

Thulium 170 isotopes and containers of the type described, and the
application of the multi-container philosophy has now been adopted at fabrication
plants in England, Scotland and Italy.
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Fig. 1(a) A conventional radiograph of a
turbine blade x 1.

Fig. 2 Enlarged radiograph showing
individual micropores which can be
seen despite the background of1

"mottle". j

Fig. l(b) A High Definition Radiograph of
part of the same turbine blade,
x 10.

\

' / BLADE SUDE

E12 HD.R. UNIT

CASSETTE
CHANGER

CONTRGL

Fig. 3 The x-ray faci l i ty which was
constructed to allow 'production line"
high definition radiography Gf turbine
blades.
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THULIUM 170 SOURCE

WELD

FILM

Thulium-170

Pressed and sintered pe l l e t o f thulium
dioxide encapsulated in welded stainless
s tee l .

act ive
dimensions
dia . x length
ran
0.5 x 0.5
1 x 1
2 x 2 i

equivalent (
activity

Ci !
0.4-1 |
2-5
6-15 ,

3x3 1 16-35 !

Working thickness - 2.5 - 12.5mm (steel)
Half l i f e - 128 days
Gamma energies - 0.052; 0.084 meV
Exposure rate - 0.0025R/hour at 1 metre

Fig. 4 Sketch i l lustrating a tube-to-tubeplate
weld and the panoramic radioçjraphic
technique usinei Thulium 170 isotope
with dimensions of 0.5 x 0.5mn.

Fio. 5 An extract fron T.R.C. Data Sheet
11198 giving details of Thulium 170.

Fig. 6 An array of Thulium 170 isotope
exposure devices being prepared for
simultaneous exposures of tube-to-
tubeplate welds.

Fig.

socici sen»

7 The equipment developed for the large
scale radiography of tube-to-tubèplate
welds.
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